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Abstract Tide is one of the most important hydrodynamic driving forces and has unique features in the
Yangtze Estuary (YE) due to the complex geometry of third-order bifurcations and four outlets. This paper
characterizes the tidal oscillations, tidal dampening, tidal asymmetry, and tidal wave propagation, which
provides insights into the response of the estuary to tides during the dry season. The structural components
of tidal oscillations are initially attained by tidal analysis. The increasingly richer spectrum inside the estuary
shows an energy transfer corresponding to the generation and development of nonlinear overtides and
compound tides. A 2-D numerical model is further set up to reproduce tidal dynamics in the estuary. The
results show that the estuary is a strongly dissipative estuary with a strong nonlinear phenomenon. Three
ampliﬁcations are presented in the evolution process of tidal ranges due to the channel convergence. Tidal
asymmetry is spatiotemporally characterized by the M4/M2 amplitude ratio, the 2M2-M4 phase difference,
and the ﬂood-ebb duration-asymmetry parameter, and the estuary tends to be ﬂood-dominant. There exists
mimic standing waves with the phase difference of the horizontal and vertical tide close to 908 when tidal
wave propagates into the estuary, especially during the neap tide. In addition, the differences in tidal distortion, tidal ranges, and tidal waves along the two routes in the South Branch (S-B) suggest the branched system behaves differently from a single system.

1. Introduction
Ocean tides with equal durations of the rise and fall are strongly distorted as they propagate into estuarine
systems. The difference in ﬂood/ebb durations inside the estuary is known as tidal asymmetry [Boon and
Byrne, 1981; Dronkers, 1986]. This phenomenon can be attributed to the nonlinear effects of tidal interaction
with local topography. The nonlinear advection, cross section constraints, and quadratic friction lead to the
generation and development of overtides and compound tides [Le Provost, 1991], such as M4, M6, MS4, etc.
The formation and increase of these subordinate constituents with distance inland occur at the expense of
the fundamental constituents via the nonlinear transfer of energy and momentum [Parker, 1991]. The combination of astronomical and generated shallow-water constituents would cause tidal distortion and asymmetry. When tides progress upstream, the amplitude of tidal oscillations depends highly on the change of
water depth as the crest of high water (HW) may travel more rapidly than low water (LW) due to the greater
depth of the crest. The tidal bore occurs at the distortion limit when the estuarine conﬁguration causes the
crest being steep enough to catch up with the trough [Godin, 1991; Pugh, 2004]. The tide with shorter ﬂood
duration and higher ﬂood current velocity than ebb is referred to as ﬂood-dominant. Conversely, tide with
shorter ebb duration and higher ebb current velocity than those of ﬂood is referred to as ebb-dominant.
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The importance of the asymmetry in the ﬂood and ebb tidal velocities to the net sediment transport leads
to considerable research on ﬂood and ebb-asymmetry in estuaries [Aubrey and Speer, 1985; Bolle et al., 2010;
Lanzoni and Seminara, 1998; Moore et al., 2009; Nidzieko, 2010; Savenije and Veling, 2005; Wang et al., 2002],
tidal creeks [Blanton et al., 2002; Huang et al., 2008], and coastal lagoons [Jewell et al., 2012], mostly along
the coasts of USA and Europe. Two main ideas for the development of tidal asymmetry, respectively, in
regions subject to semidiurnal tidal regimes, and mixed or diurnal tidal regimes have been gradually
formed. For the ﬁrst case, the semidiurnal lunar M2 tide is the dominant forcing offshore tide and the superposition of higher harmonic tides is responsible for the tidal distortion [Blanton et al., 2002; Bolle et al., 2010;
Moore et al., 2009]. The method of characterizing the degree and type of tidal asymmetry is commonly to
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gain the amplitude and phase relationships between the M2 tide and the M4 tide as the M4 to M2 amplitude
ratio and the phase of M4 relative to M2 [Aubrey and Speer, 1985; Friedrichs and Aubrey, 1988; Moore et al.,
2009; Speer and Aubrey, 1985; Wang et al., 2002]. But in regions where mixed or diurnal tidal regimes dominate, it has been stated that the interaction of various diurnal and semidiurnal tidal constituents can also
cause the tidal asymmetry in recent studies [Hoitink et al., 2003; Nidzieko, 2010; Woodworth et al., 2005], and
the sample skewness of the tidal elevation time derivative and velocity time series can be used to quantify
tidal asymmetry from principal tidal constituents [Nidzieko, 2010]. Another main feature of the tidal propagation in estuaries is the ampliﬁcation and dampening of the tidal range with distance along the channel.
The spatial variability of tidal ranges mainly depends on four dominant processes: inertia effect,
convergence-induced shoaling, frictional dampening, and partial reﬂection of banks [van Rijn, 2011].
In addition, as a tidal wave propagates in a convergent channel, the single incident tidal wave may mimic a
standing wave with a phase lead of the horizontal and vertical tide current close to 908, and the wave speed
can reach a high level in the absence of a reﬂected wave [Hunt, 1964; Jay, 1991].
The Yangtze Estuary (YE) is a large shallow estuary with multiple channels at the eastern coast of China, as
shown in Figure 1. Tidal action and river discharge are the major sources of energy for turbulence mixing
and the impacts of tidal dynamics can even reach the upper river of 600 km away from the mouth in the
YE. The tide is characterized by the semidiurnal tide in the coastal regions outside the estuary. The tidal distortion and asymmetry occur as tides proceed upstream in the estuary, which are caused by the generation
and development of shallow-water constituents, mainly including M4, MS4, and M6. Tidal asymmetry
becomes more remarkable and more tidal energy dampening occurs as tides ﬂood into the estuary. The
interaction of tide and geometry of the estuary is special due to the unique geomorphological patterns of
the Yangtze Estuary with three-order bifurcations and four outlets presented near the mouth continuously.
Besides, the upstream river discharge also plays a signiﬁcant role in estuarine hydrodynamic environment,
especially during the ﬂood season. For the recent economic boom in the YR Delta, the increasing human
interventions, such as dredging, land reclamation, and construction of regulating structures, have inﬂuenced the natural evolution of the estuary. Therefore, a more comprehensive and in-depth investigation of
the tidal propagation and asymmetry is needed as it is the fundamental study of the salt intrusion, sediment
transport, and morphology evolution, which can also beneﬁt the engineering practices. Though the basic
characteristics of tides in the YE have been studied in recent years [Song et al., 2011; Yan et al., 2009; Yang
et al., 2012; Yin et al., 2013], detailed studies of the tidal distortion and dampening process for the entire
estuary are rare. The selection of tidal data at only a few stations limited the analysis of the spatial distribution and the evolution process of tides in the estuary, and the available results also covered only one or two
aspects of the tidal regime, such as tidal constituents, tidal range, or tidal asymmetry. The previous studies
put more emphasis on the description of the phenomenon and the related mechanisms in the evolution
process of tides including the nonlinear effects and the inﬂuence factors were rarely discussed. This paper
characterizes the tidal regime in aspects of tidal oscillations, tidal dampening, evolution of tidal constituents, tidal asymmetry, and propagation of tidal wave in the Yangtze Estuary during the dry season using
tidal analysis and numerical modeling. Besides, the differences in three main aspects of the tidal prorogation process along different routes are further discussed to show the special performances in the branched
estuary system compared with single channel estuaries. It aims to collect various clues to give a picture of
the response process of the tidal dynamics to the estuarine morphology as tidal wave propagates up in the
estuary and analyze the special parts of tidal motions in the estuarine system with three-order bifurcations
and four outlets into the sea.

2. The Yangtze Estuary
The Yangtze Estuary (YE) surrounded by Shanghai city and Jiangsu province plays a pivotal role in terms of
economies, population, and wealth. As the estuarine system locates at the China East Coast and faces the
West Paciﬁc, it is also one of the most dynamic estuaries in terms of physical and biogeochemical processes
in the world. It connects the East China Sea (ECS) and the Yangtze River (YR), the largest river in China with
a length of about 6380 km and a catchment area of 1.8 3 106 km2. The estuary is a funnel-shaped estuary
with scales of 120 km long and 90 km wide at the mouth. It is characterized by its three-order bifurcations
and four outlets connecting the estuary and the ECS (see Figure 1). The ﬁrst order of the North Branch (N-B)
and the South Branch (S-B) is bifurcated by Chongming Island, the second order of the North Channel (N-C)
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Figure 1. Locations of the Yangtze Estuary and survey stations in the dry season of 2002. (The red down triangles show location of tidal
gauges and the observation points of current velocity are marked by the red plus signs, but not all point numbers of current measurement
are shown here for clarity).

and the South Channel (S-C) is bifurcated by Changxing Island and Hengsha Island, and the third order of
the North Passage (N-P) and the South Passage (S-P) is bifurcated by Jiuduansha shoal. In order to meet the
needs of the development of navigation, the Deep Waterway Project (DWP) for deepening the N-P by
dredging and constructions of two jetties and a series of groins began in 1998 and has been completed in
2010. The project is divided into three phases, which are phase I (1998–2001), phase II (2001–2005), and
phase III (2006–2010) [Hu and Ding, 2009]. In this study, we focus on the condition at the beginning stage of
phase II when the DWP was only partially constructed (see the marked solid lines in Figure 1).
According to statistics of the water discharges from 1951 to 2005 at the Datong ﬂow gauge station, the YR
has a huge river discharge of approximately 28,630 m3/s on average, with the characteristic of marked
annual and seasonal variations [Zheng et al., 2012]. The discharge in the ﬂood season from May to October
accounts for more than 70% of the total annual runoff with its maximum discharge in July or August, while
that in the dry season from November to April takes up less than 30% and the minimum discharge occurs
in February. The recorded monthly maximum and minimum discharges of 84,000 and 6730 m3/s, respectively, appear in August 1954 and in February 1963 [Chen and Zong, 1998; Chen et al., 2001]. In the estuary
region, the freshwater inﬂow of N-B from the YR is less than 1% of the total discharge and nearly all freshwater ﬂows through the S-B into ECS [Zhang et al., 2011].
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The characteristics of tidal dynamics in the YE depend on the local geomorphology, the YR discharge, and
the tidal waves from the sea. Among these factors, tidal waves propagating into the region are controlled
by two tide systems including the progressive tide system in the ECS and the rotational tide system in the
Yellow Sea (YS) [Shen et al., 2003; Zheng et al., 2012]. Tides play an important role in physical processes, with
average and maximum ranges of 2.67 and 4.62 m, respectively, at ZJZ. In the dry season, the surface ﬂuctuation induced by tides can propagate up to Datong, namely the tidal limit, located 640 km away from the
mouth. The tidal current limit will vary in the reach between Zhenjiang and Jiangyin, which are, respectively,
360 and 240 km from the mouth when the climate changes from the dry season to the ﬂood season. Due
to the gradually widening river section downstream from Jiangyin, the river ﬂow slows down in the seaward
direction and is weaker than the tidal current in the estuary area which has the mean magnitude of about
1 m/s [Chu et al., 2011]. While the symmetric semidiurnal tides are observed outside of the mouth, tidal
asymmetry occurs inside the mouth with average ﬂood and ebb durations of 5 and 7.4 h, respectively, at
ZJZ [Zhang et al., 2011]. Due to the Coriolis force and topography effects, the ﬂood channels near the northern bank and the ebb channels near the southern bank develop during the ﬂood and ebb tides, which
obviously cause a divergence of the current along both the northern and southern routes in the YE, especially in the South Branch (S-B) [Yu, 2006].
The Canter-Cremers numbers (N5Qf T=Pt , Qf is the river discharge, T is the tidal period, and Pt is the tidal
prism) which are a measure of the relative strength between fresh water from the upstream and saline
water from the sea are about 0.0025 (dry season) and 0.006 (ﬂood season) for N-B and 0.1 (dry season) and
0.24 (ﬂood season) for S-B at spring tides [Zhang et al., 2011], respectively. Because the tidal prism at spring
tides is about four times the amount at neap tides [Mao et al., 2001], the Canter-Cremers numbers are more
than 0.1 for S-B while they are still less than 0.1 for N-B at neap tides. The values of the Canter-Cremers
numbers indicate the marine well-mixed characteristic of N-B and the mostly partially mixed (but wellmixed when the number is less than 0.1 during the dry season at spring tides) characteristic of S-B
[Zhang et al., 2011]. In addition, according to the level of salinity and the shape of the salinity curves given
by Zhang et al. [2011], the salinity in the N-B is higher than the S-B and even close to that of sea water near
the mouth due to the small freshwater inﬂow, while salinity in the S-B is mostly less than 20 near the mouth
and close to 0 near the head of Changxing Island during the dry season.

3. Data Sets and Methods
3.1. Data Sets
Field measurements of tides and currents were both carried out in the dry season of 2002 by the Hydrology
Bureau of Shanghai, Ministry of Water Resources. The hourly water level data of 19 stations along the main
channels in the YE were collected during the period from 24 February to 31 March 31 for a period of 36
days. The ﬁrst landward station XLJ is about 110 km from the mouth, which is the starting location of the
ﬁrst-order bifurcation. The direct-reading current meters (LS-25 and ZSX-III) and ADCP (Workhorse 300 and
RD-DR0600) were used for the current measurement. The current velocity data at 20 locations were
collected for about 28 h during each period of spring, medium, and neap tides from 1–9 March, and the
sampling rate was once per hour. The detailed information of the water level and current velocity data used
in this study are listed in Table 1 and the locations of tidal gauges and current observation points are also
marked in Figure 1.
3.2. Tidal Analysis
3.2.1. Power Spectrum Analysis
It is known that Fourier analysis can convert a signal from the time domain to the frequency domain and
the discrete Fourier transform (DFT) is obtained by decomposing a sequence of values into components of
different frequencies. The fast Fourier Transform (FFT) which is a fast algorithm to compute the DFT has
been widely used for the signal processing in engineering, science, and mathematics. In this study, FFT is
initially used to estimate the power of observed tidal levels at different frequencies. The observed surface
elevation of six stations (LXG, STG, QLG in N-B and ZJZ, GQZ, BMZ in S-B) are analyzed by the above spectral
method to discuss the energy transfer process among tidal constituents when tides ﬂood into the estuary.
3.2.2. Tidal Harmonic Analysis
At a given location, the water level variation induced by the tides can be expressed in detail as:
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Table 1. Stations of Tide Gauges and Current Measurements and Duration of Observations in 2002
Tidal Station (19 Stations)

Duration (dd.mm)

Current Station (20 Stations)

Duration (dd.mm)

XLJ, CTZ, QLG, STG, LXG, BMZ, XJZ,
YLZ, NMG, SDK, WSZ, BZZ, LXZ,
GQZ, CXZ, GQW, HSZ, ZJZ, LCG

24 Feb. to 31 Mar.

X1, X2, X3, Y4, Y5, Y6, Y7, Y8, Y9, Y10, Y11,
Y12, Z1, Z3, Z4, Z5, Z6, Z7, Z8, Z9

1 Mar. to 2 Mar.,
4 Mar. to 5 Mar.,
8 Mar. to 9 Mar.

m
h
i
X
gðtÞ5A0 1
fj aj cos xj t1ðm1uÞj 2gj 1B

(1)

j51

in which gðtÞ is the water level at time t; A0 is the mean water level over a certain period; m is the number
of relevant constituents; fj is the nodal amplitude factor; aj is the local tidal amplitude of a constituent;
xj is
X
the angular velocity; ðv1uÞj is the astronomical argument; gj is the local phase lag; and B5
Bi 1errors is
the change of water level induced by other dynamic factors and errors. Among these parameters, aj and gj
are harmonic constants of the jth constituent.
As shown in Figure 2, the daily-averaged river discharge at Datong Station is low and always remains nearsteady for a short period of 1 month during the dry season, especially for the months of January, February,
and March. Considering the relatively weaker nonstationary characteristic and the simpliﬁcation of the
problem, a least squares harmonic analysis method, which assumes stationary time series, is applied to
compute tidal harmonic constants during the dry season. Here, the ‘‘T_Tide’’ MATLAB package [Pawlowicz
et al., 2002] based on a classical tidal harmonic analysis method [Foreman, 1978; Godin, 1972] is utilized to
estimate tidal constituent parameters. It can convert the estimation of the nontidal or residual ‘‘noise’’ as
conﬁdence intervals to give an indication of the quality of results. The nodal corrections, inference, and
some other user-speciﬁed functions (e.g., customized parameters for resolution criterions of least squares ﬁt
and adjustment of long-term behavior) are also included in the tidal analysis part of ‘‘T_Tide.’’
It is known that K2 and P1 cannot be easily resolved from other constituents using only a single month of
data. However, the constituent constants of K2 and P1 can be derived from those of S2 and K1, respectively,
according to the statistical relationship between them. The inference relationship in the YE region is as follows [Hu et al., 2000],
K2 -S2 : Amplitude aK2 50:573aS2 ; Phase gK2 51:286aS2 2156:4

(2)

P1 2K1 : Amplitude aP1 50:199aK1 ; Phase gP1 51:725gK1 2124:9

(3)

To resolve K2 and P1 from S2 and K1, an iteration process is added into the ‘‘Inference Corrections’’ module
of ‘‘T_Tide’’ program.
In this study, 36 day periods of observed and simulated water level data are both analyzed to extract the
amplitudes and phases of major tidal constituents through the harmonic analysis method.

Figure 2. The daily averaged river discharge at Datong Station in 2002.
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3.3. Hydrodynamic Model
3.3.1. Model General Description
The Delft3D model suite developed by
Deltares (formerly WL | Delft Hydraulics)
is an open-source ﬂexible integrated
modeling system and has been widely
used in the ﬁeld of research for coastal,
river, and estuarine areas [Allard et al.,
2008; Hu et al., 2009; Kuang et al., 2013;
Marciano et al., 2005; Tonnon et al., 2007;
Williams et al., 2013]. The model suite
is composed of several modules which
cover aspects of a multidimensional
(2-D or 3-D) ﬂow, sediment transport,
and morphology, waves, water quality,
and ecology process. Delft3D-Flow is the
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kernel component that can calculate nonsteady ﬂow and transport phenomena resulting from tidal and meteorological forcings by solving the Navier-Stokes equations for incompressible free surface ﬂow under the
shallow-water and the Boussinesq assumptions [Hydraulics, 1999; Roelvink and Van Banning, 1994].
Due to the strong mixing characteristic, a two-dimensional horizontal (2-DH) model is able to represent the
main tidal dynamics during the dry season. The 2-DH model was set up in the YE region using Delft3D-Flow
module. To validate the model, 19 tide-gauge stations and 20 station current observations in the YE were
used to verify model skill based on assessment methods (as listed in the next section).
3.3.2. Skill Assessment Methods for Model Validations
Several skill assessment parameters are calculated to compare model results with observed data and to
evaluate the model skill. The parameters are as follows,
1. the correlation coefﬁcient [Wu et al., 2011]
"
#,"
#1=2
n
n
n
X
X
X
2
2
C5
ðxm 2x m Þðxo 2x o Þ
ðxm 2x m Þ
ðxo 2x o Þ
i51

i51

(4)

i51

where x, x are the variable of interest and the time mean, and the subscript ‘‘m’’ and ‘‘o’’ indicate the
model results and the observed data, respectively; n is the number of the variable values in the time.
2. the root-mean-square error [Wu et al., 2011]
"
R5

n
X

#1=2
2

ðxm 2xo Þ =n

(5)

i51

3. the skill score [Wu et al., 2011]

"
S512

n
X

ðxm 2xo Þ

2

n
.X

i51

#
ðxo 2x o Þ

2

(6)

i51

Marechal [2004] classiﬁed the performance of the model by the skill score as excellent (S > 0.65), very
good (0.5 < S < 0.65), good (0.2 < S < 0.5), and poor (S < 0.2).
4. the vectorial difference [Foreman et al., 1993; Foreman et al., 2000; Wu et al., 2011]
h
i1=2
D5 ðao cosgo 2am cosgm Þ2 1ðao singo 2am singm Þ2

(7)

5. the RMS difference for all stations [Foreman et al., 2000]
(

N h
i
X
Dr 5
ðao cosgo 2am cosgm Þ2 1ðao singo 2am singm Þ2 =N

)1=2
(8)

1

where ðao ; go Þ and ðam ; gm Þ are the observed and modeled amplitudes and phases, respectively, and N is
the number of observed tide-gauge stations.
For tides and currents, the parameters C, R, and S are calculated to validate the numerical model. For tidal
constituents, the differences D and Dr between the modeled and observed harmonic constants are further
used.

4. Numerical Modeling
4.1. Model Settings
The model domain covers the entire region of YE and the major area of Hangzhou Bay (HB). The landward
and offshore boundaries of YE are, respectively, at Datong station which is the upper limit of tidal wave during the dry season, and at approximately 124.58E where the depths exceed 50 m. The orthogonal curvilinear
grid ﬁts the shape of the coastline along the bifurcation of N-B and S-B, the size of which varies as necessary
to resolve the bathymetric variability with the resolution ranging from 36 to 3173 m. Tides from NAO.99Jb
prediction model [Matsumoto et al., 2000] are imposed through the oscillation of the surface elevation at
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the offshore boundary of the model
domain. The daily-averaged river disParameter
Value
charges during the computation period at
Domain
117.78E124.58E,29.58N32.58N
Datong Station are applied as the
Time frame
2002.02.20 00:00  2002.03.31 23:00
upstream ﬂow boundary conditions. CaliMesh size
2735 3 333
Time step
1 min
bration is achieved by adjusting the ManManning coefﬁcient
0.01 1 0.01/h  0.02 1 0.01/h, h is the depth
ning coefﬁcient for the variation of
roughness over various portions of the
study area. The main model parameters are summarized in Table 2. The simulation is run with a cold start
for a few days to establish the tidal momentum within the estuary prior to the calibration.
Table 2. Numerical Model Parameters

4.2. Model Validations
4.2.1. Validation of Water Levels, Currents, and Tidal Ranges
The simulated water surface ﬂuctuations at three stations (LXG, HSZ, and XLJ) and depth-averaged ﬂow
velocities at four locations (Y6, Z1, Z5, and Z9) are compared with the observed data in Figures 3 and 4.
The results reﬂect good agreements for the parameters of water levels and currents, though there is a
little difference during neap tides. The performance of the model in water levels, currents, and tidal
ranges are also estimated by the correlation coefﬁcient (C), the root-mean-square error (R) and the skill
score (S) which are listed in Table 3 for all observation stations. The modeled results and the observed
data for both tide levels and currents are highly correlated with mean correlation coefﬁcients of 0.96
and 0.9.

Figure 3. Comparison between measured (dots) and simulated (solid lines) water levels at LXG, HSZ, and XLJ Stations.
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Figure 4. Comparison between measured (dots) and simulated (solid lines) vertical-averaged current velocities during a tidal cycle at Y6, Z1, Z5, and Z9 observation locations.

The average skill score for water levels at all tidal gauge stations is 0.91 and individual scores exceed 0.65,
which are regarded as excellent performance in the simulation of water surface ﬂuctuations. Though the
performance in tidal ranges is worse than water levels, the calculated tidal ranges still agree well with the
observations with the mean skill score of 0.83 for all stations, which can be also classiﬁed as excellent. For
water ﬂow, however, there are several current locations where the scores do not reach the excellent level

Table 3. The Assessment Parameters for Model Validation of Time-Series Tidal Elevations, Current Velocities, and Tidal Ranges
Tide
Station

C

R

S

XLJ
CTZ
QLG
STG
LXG
BMZ
XJZ
YLZ
NMG
SDK
WSZ
BZZ
LXZ
GQZ
CXZ
GQW
HSZ
ZJZ
LCG

0.97
0.95
0.91
0.97
0.95
0.96
0.95
0.96
0.98
0.97
0.97
0.98
0.96
0.97
0.96
0.97
0.96
0.94
0.96

0.23
0.25
0.55
0.32
0.37
0.22
0.27
0.24
0.20
0.20
0.22
0.21
0.27
0.24
0.29
0.24
0.29
0.43
0.39

0.92
0.91
0.78
0.93
0.89
0.92
0.89
0.91
0.95
0.94
0.94
0.95
0.91
0.93
0.91
0.94
0.91
0.84
0.91

Tma

0.96

0.29

0.91

a
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Tidal Current
Station
X1
X2
X3
Y4
Y5
Y6
Y7
Y8
Y9
Y10
Y11
Y12
Z1
Z3
Z4
Z5
Z6
Z7
Z8
Z9
Tma

Tidal Range

C

R

S

0.78
0.84
0.81
0.96
0.89
0.94
0.92
0.94
0.92
0.94
0.96
0.93
0.53
0.93
0.93
0.95
0.95
0.97
0.94
0.98
0.9

0.48
0.56
0.48
0.25
0.37
0.30
0.33
0.31
0.38
0.25
0.21
0.31
0.59
0.34
0.24
0.28
0.32
0.27
0.39
0.19
0.34

0.59
0.67
0.63
0.89
0.6
0.88
0.74
0.80
0.51
0.85
0.93
0.85
0.27
0.77
0.86
0.88
0.9
0.91
0.64
0.93
0.75

Station

C

R

S

XLJ
CTZ
QLG
STG
LXG
BMZ
XJZ
YLZ
NMG
SDK
WSZ
BZZ
LXZ
GQZ
CXZ
GQW
HSZ
ZJZ
LCG

0.68
0.77
0.49
0.96
0.96
0.88
0.84
0.85
0.92
0.81
0.81
0.81
0.64
0.89
0.91
0.83
0.78
0.74
0.85

0.33
0.29
0.55
0.25
0.30
0.30
0.31
0.33
0.29
0.29
0.30
0.28
0.37
0.30
0.24
0.25
0.31
0.36
0.31

0.74
0.76
0.55
0.93
0.91
0.79
0.80
0.78
0.85
0.84
0.85
0.87
0.80
0.87
0.90
0.89
0.86
0.85
0.89

Tma

0.81

0.31

0.83

‘‘Tm’’represents the average value for the assessment parameters of all the above listed stations.
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Table 4. Comparison Between the Observed and Simulated Tidal Harmonic Constants (Amplitude a in m and Phase g in Degree) of
Four Major Constituents and Two Nonlinear Constituents
S2

M2

K1

O1

Station

Obs(a/g)

Sim(a/g)

D

Obs(a/g)

Sim(a/g)

D

Obs(a/g)

Sim(a/g)

D

Obs(a/g)

Sim(a/g)

D

XLJ
CTZ
QLG
STG
LXG
BMZ
XJZ
YLZ
NMG
SDK
WSZ
BZZ
LXZ
GQZ
CXZ
GQW
HSZ
ZJZ
LCG
Dma
Dr

0.85/210
0.88/196
1.26/181
1.38/120
1.28/110
0.84/197
0.88/182
0.85/170
0.95/162
0.91/155
0.99/140
1.02/140
1.00/133
1.01/138
1.04/127
1.03/117
1.09/111
1.21/95
1.48/98

0.91/213
0.93/194
0.93/193
1.32/117
1.35/96
0.9/201
0.94/191
0.92/175
0.99/166
0.98/158
1.05/148
1.07/142
1.11/131
1.06/142
1.09/136
1.11/112
1.15/121
1.31/110
1.55/111

0.07
0.06
0.41b
0.09
0.34
0.09
0.15
0.10
0.09
0.09
0.17
0.06
0.11
0.10
0.18
0.12
0.20
0.34
0.35
0.16
0.20

0.31/278
0.28/263
0.45/250
0.51/192
0.56/178
0.31/265
0.33/250
0.33/238
0.37/231
0.36/224
0.40/211
0.41/210
0.41/203
0.41/209
0.43/200
0.43/188
0.46/185
0.51/171
0.56/173

0.25/278
0.27/260
0.26/259
0.47/190
0.52/168
0.25/267
0.27/257
0.27/241
0.30/234
0.30/226
0.34/217
0.34/210
0.37/199
0.34/212
0.35/206
0.39/182
0.39/191
0.45/182
0.53/181

0.06
0.02
0.20
0.05
0.11
0.06
0.07
0.06
0.07
0.06
0.08
0.07
0.05
0.07
0.09
0.06
0.08
0.11
0.08
0.08
0.08

0.16/125
0.19/128
0.15/97
0.14/63
0.10/63
0.16/119
0.17/112
0.16/107
0.16/100
0.16/98
0.16/91
0.15/80
0.15/78
0.17/90
0.16/85
0.15/72
0.17/76
0.18/73
0.22/81

0.14/134
0.14/124
0.14/124
0.13/70
0.13/58
0.14/128
0.14/122
0.14/115
0.14/110
0.14/106
0.15/101
0.14/95
0.15/89
0.15/99
0.15/95
0.14/79
0.15/88
0.17/85
0.23/97

0.03
0.05
0.07
0.02
0.03
0.04
0.04
0.03
0.03
0.03
0.03
0.04
0.03
0.03
0.03
0.02
0.04
0.04
0.06
0.04
0.04

0.15/85
0.13/69
0.15/46
0.14/19
0.12/348
0.15/78
0.16/71
0.15/67
0.16/60
0.16/58
0.16/52
0.16/45
0.16/41
0.17/52
0.17/46
0.17/36
0.17/38
0.18/37
0.22/45

0.14/98
0.14/88
0.14/87
0.14/32
0.14/21
0.14/92
0.14/87
0.14/80
0.15/75
0.15/71
0.15/66
0.15/60
0.16/53
0.15/64
0.16/60
0.15/43
0.16/53
0.18/51
0.23/66

0.04
0.05
0.10
0.03
0.07
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.03
0.04
0.02
0.04
0.04
0.08
0.05
0.05

a

‘‘Dm’’ represents the average value for the vectorial difference of all the above listed stations.
The underlined values represents the two (or three) stations where the model performs less well in reproducing the corresponding
tidal constituent.
b

(S > 0.65), but they are still above the good level (S > 0.2). It is known that the ﬂow velocity is more sensitive
to the local bathymetry than the water level. The main reason for this discrepancy may be that the grid
resolution and the two dimensions of the model are not enough to resolve the ﬂow process precisely due
to the complicated topography there. The mismatches between data and model are also partly due to
dredging and dumping, which implies that the morphology in reality differs somewhat from the bed level
in the model. Besides, the root-mean-square errors are also reasonable for the simulation in general.
4.2.2. Validation of Tidal Constituents
To illustrate the ability of the model to reproduce the transformation of tidal harmonic constituents in the
estuary, harmonic constants of four major constituents (M2, S2, K1, and O1) analyzed from the simulated
water levels of 36 days using the modiﬁed T_Tide program package are also compared with those gained
from observed data at 19 stations (Table 4). In addition, the vectorial difference D and the RMS difference
Dr, which determine the model accuracy at each station and the overall model accuracy separately, are
both calculated to validate the model. In the estuary region, the differences of M2 at most stations are less
than 0.20 m except those at the 4 stations including QLG, LXG, ZJZ, and LCG are more than 0.30 m. Among
these four stations, the amplitudes of four constituents are all underestimated at QLG because the model
cannot resolve the tidal bore process precisely, which often occurs there during spring tide [Chen et al.,
2003a,b; Zhang et al., 2007] and the phase lags at LXG, ZJZ, and LCG are overestimated due to the reﬂection
effect of the coastlines and the lower resolution of the topography. The overall differences of M2, S2, K1, and
O1 is 0.20, 0.08, 0.04, and 0.05 m, respectively. The difference to observed amplitude ratios of 14.8, 18.3,
22.6, and 29.1% on average are only slightly greater than the level of many previous studies which are
mostly focused on the coastal and oceanic regions [Tsimplis et al., 1995; Wu et al., 2011; Xu et al., 2010]. In
conclusion, all the above skill assessment parameters indicate that the model is reasonable enough to
reproduce the tidal hydrodynamic processes in the estuary.

5. Results
5.1. Tidal Oscillations Along Channels
To investigate the tidal oscillation characteristics in the YE, we ﬁrst examine the amplitude spectra of
observed water levels at six stations: LXG, STG, and QLG for the N-B and ZJZ, GQZ, and BMZ for the S-B in the
landward direction, which are located throughout the estuary area and where the performance of tides can
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tell the underlying evolution process of tidal
oscillations along channels. The amplitude
spectra are calculated using the FFT method.
Through the spectral curve, it is easier to get
the general transfer trend of energy as tides
proceed up the estuary. Moreover, the amplitude spectra can give more details in the distribution of frequencies. The spectra of water
levels in the N-B and in the S-B are depicted
in Figure 5 (top and bottom) separately.
The parts beyond 10 cycles per day (cpd) in
the amplitude spectra are relatively ﬂat indicative of low-energy, which contain little information. The peaks in both kinds of the spectra
indicate that several special frequency components at 1, 2, 4, 6, and 8 cpd dominate the surface oscillations, which are, respectively,
associated with the diurnal tides, semidiurnal
tides, overtides, and compound tides. The
energy distribution of these dominant frequencies are stronger than those of the high
frequencies (101 cpd) which are associated
with the nontidal oscillations. The amplitudes
of semidiurnal components are about the
magnitude of 1 m, the ﬁrst harmonic of which
at 4 cpd has a similar magnitude to the diurnal
tides and can even reach about 0.3 m in the NB. The spectra near zero frequency contain the
long-period tidal oscillations, as well as atmospheric forcing and seasonal effects. By comparing the spectra at six stations marked in
Figure 5. The amplitude spectra of observed water level data using the
Figure 5, it can be seen that the amplitudes of
FFT method at six stations of the N-B (top) and the S-B (bottom).
the relative lower frequency harmonics (12
cpd) decrease, while those of the relative higher frequency harmonics increase inversely as the oscillations
propagate further up the YE, i.e., the spectra of the tidal curve become increasingly richer and shallow-water
effects become more sensitive before frictional dampening dominates the process completely as tidal waves
travel upward. This phenomenon is more signiﬁcant in the N-B due to the more rapid decreasing depth. As
shown in Figure 5, the peak always splits into several subpeaks in the lower traces of the amplitude spectra,
which are corresponding to the harmonics with the adjacent frequencies, such as M2 and S2, K1 and O1, M4 and
MS4, etc. The harmonic structure and the energy distribution of tidal oscillations at stations along channels
have been obtained by analyzing the spectral of water level time series, which can reﬂect the basic evolution
process of tides induced by the nonlinear effects in the estuary. However, because the above spectral analysis
method does not solve the surface oscillations on the exact frequencies and the frequency resolution depends
on the selection of relevant parameters of the method, it is hard to get the detailed quantitative information of
tidal harmonics precisely.
To go further, the amplitudes and phase lags of observed tidal oscillations at the 19 water level stations in the
YE are calculated by a least squares harmonic analysis method. The variation proﬁles of the six harmonics M2,
S2, K1, M4, MS4, and M6 along the N-B and the S-B and the surface M4/M2 amplitude ratio that quantiﬁes the
nature and degree of nonlinear tidal distortion are given in Figure 6. Based on the trends marked by the ﬁnite
signs representing observation locations near the river banks, the amplitudes of M2, S2, and K1 vary slightly
and those of the shallow-water tidal constituents increase monotonically with distance inland in the N-B (Figure 6, top), which are responsible for the increase of M4/M2 amplitude ratio upstream from the mouth. Figure
6 (bottom) gives the relationship between the amplitude and distance in the upward direction of the S-B. It is
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Figure 6. The variations of observed amplitude of six selected constituents (M2, S2, K1, M4, MS4, and M6) along two main channels of the
YE: the N-B (top) and the S-B (bottom).

not hard to ﬁnd that the amplitudes of tidal harmonics vary in a ﬂuctuating trend rather than in a smooth
trace, especially for the M2 constituent. Considering the potential impacts of the Coriolis force and topography
on the difference of the situations at the two facing banks, the proﬁle of M2 as an example is split into two
subtraces for the northern bank and the southern bank (see Figure 6, bottom). The amplitudes of the locations
near the northern bank vary in a slightly different trend with the southern bank and the S-B is divided into
the N-C and the S-C (see Figure 1) in the lower reach, so it is more reasonable to consider the S-B as two main
channels at least rather than just as a whole. However, the proﬁle of the entire S-B can still give us some
insights. The semidiurnal tides decay along the channel from the mouth in a general trend, and the diurnal
and shallow-water tides vary slowly with a similar magnitude. The effect of nonlinear tidal distortion is
enhanced before the bifurcation point near CTZ and starts to attenuate a little upward.
To get the detailed variation proﬁles of tidal oscillations as tidal waves propagate further up the YE, the
simulated results of water level for the selected three routes Ch#1, Ch#2, and Ch#3 from coastal zones
(marked in Figure 7) are further analyzed by T_Tide toolbox and the transformation of several harmonics
along the routes is depicted in Figures 8 and 9. In the N-B (see Figure 8), the astronomical components M2,
S2, and K1 decay slowly and the shallow-water constituents grow monotonically until about 98 km away
from the starting point of Ch#1, which is near the midpoint of the straight Branch. Across from this point,
the situation becomes more complicated. The amplitudes of M2 and S2 decrease more quickly like a down
stair with an inﬂection point located at the bend point of the channel while the diurnal tides keep almost
ﬂat in the N-B. At the same time, the overtides and compound tides increase at a lower level and start to
decay across from the QLG Station where the water surface becomes steeper and tidal bores always take
place due to the shallow depth and narrow width. As a result, the extent of the shall-water distortion indicated by the M4/M2 amplitude ratio has a slow growth in the ﬁrst half and a signiﬁcant dampening following the sharp enhancement around the QLG Station in the second half. The variation proﬁles along Ch#2
and Ch#3 in the S-B are both given in Figure 9 to compare the propagation process of tidal waves in different channels. The astronomical components nearly vary in a declining trend and the semidiurnal constituents decay more quickly than the diurnal ones due to the higher frequencies especially in the S-B.
According to Godin [1999], the damping is frequency-dependent and the tidal components with lower
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Figure 7. The form number Fn for tidal characteristics in the YE.

frequencies would reach further upstream when u20 =h  g and 2xu0 =h  3lu20 =h2 (u0 is the outgoing current, h is the water depth, and l is the coefﬁcient of friction). In this study, the damping of tidal harmonics
in the YE shows a similar characteristic with that in the upper Saint Lawrence River [Godin, 1999], that is, the
tidal components with higher frequencies (e.g., the semidiurnal constituents) decay more quickly than
those with lower frequencies (e.g., the diurnal ones). The amplitude of M2 at the starting point of Ch#2 is
smaller than that of Ch#3, and this difference remains until tidal waves enter the mouth of the N-C and the
S-P close to the Hengsha Island (about 50 km from the starting points). The entrance of the N-C narrows
sharply because of the existence of the Hengsha and Changxing Islands, and the M2 constituent along the
Ch#2 route is more enhanced in amplitude than that along the Ch#3 route. When tidal waves pass
the Changxing Island and converge from the N-C and the S-C, the difference between the amplitudes
of the two routes becomes small and the amplitude of M2 near the northern bank is just a little bigger than
that near the southern bank, which is similar to the results shown in Figure 6. The M4 and MS4 which have
close frequencies vary in the same trend and the difference between their amplitudes is negligible.
But there are certain disparities between the identical shallow-water constituents along the two routes,
especially in the reach from 0 to 100 km. The M4 and MS4 grow with a slight ﬂuctuation ahead of the YLZ

Figure 8. Change of both main (top) and shallow-water (bottom) WL tidal amplitudes along Ch#1 in the N-B.
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Figure 9. Change of both main (top) and shallow-water (bottom) WL tidal amplitudes along Ch#2 (shown as a dashed line, marked by
green, and magenta colors) and Ch#3 (shown as a solid line, marked by blue and red colors), respectively, in the S-B.

Section from the mouth and become to decay slowly along the upward paths. In the process of the growth,
these two constituents along the route Ch#3 increase more quickly over the ﬁrst 40 km from the origin and
then attenuate in a gradually slow trend inside the mouth, while those along the route Ch#2 grow more
evenly in the reach from 0 to 117 km before dampening. The M6 constituent is not signiﬁcant relative to
the above shallow-water constituents and remains substantially constant along the channels. The variation
of the M4/M2 amplitude ratio depends on the evolution of both M4 and M2 and this ratio keeps rising nearly
all along the upward paths of Ch2# and Ch#3, which indicates that the estuary geometry enhances the nonlinear effect upstream along the channels.

5.2. Fields of Tidal Constituents in the YE
Based on the results of the numerical model, the amplitudes and phases of tidal constituents can be
obtained at all grid points in the YE by the mentioned harmonic analysis method. The spatial variability of
the M2, K1, and M4 tides in the estuary are presented in Figures 10–12. Both the astronomical tidal constituents M2 and K1 have the strongest energy in the Southeastern area outside the estuary, supplied by the progressive tides from the ECS. In the N-B, a three-step decay of the M2 tide is clearly shown in the amplitude
ﬁeld. For each ‘‘step’’ inside the mouth, the M2 tide remains nearly invariable (see Figure 8) and it can be
considered to reach ‘‘critical convergence’’ with the topographic funneling effect offset by frictional dampening [Jay, 1991; Lanzoni and Seminara, 1998]. The relative uniform dampening of the M2 tide and the difference between the amplitudes near the northern and southern banks can be found in the S-B. The
magnitude of the amplitudes is nearly reduced by half from the coast to the XLJ Section. From the phase
ﬁeld shown in Figure 10, it is found that the propagation velocities of the M2 tidal wave entering the estuary
from the ECS follow a descending order of the N-B, the N-C, the N-P, and the S-P. The phases can almost
keep pace when the tidal waves travel across the bifurcations, and the travel of the M2 tidal wave from the
coast to the XLJ Section spends about two-thirds of the cycle. Due to the lower sensitivity to the frictional
effect of the K1 tide, the amplitude decreases more slowly and uniformly along the entire estuary. The propagation of the K1 tide into the estuary obeys similar laws as does the M2 tide, but the time from the coast to
the XLJ Section accounts for about one-third of the cycle.
Tidal characteristics of YE can be identiﬁed as semidiurnal using the form number which is deﬁned as the
ratio between the main diurnal and semidiurnal components of tide [Pugh, 1987]:
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Figure 10. The amplitude (top) and phase (bottom) of the M2 tide in the YE.

Fn 5ðaK1 1aO1 Þ=ðaM2 1aS2 Þ

(9)

The form number at various locations in YE is different, mostly varying between 0.15 and 0.25 (see Figure 7).
A form number between 0.0 and 0.25 is regarded as within the semidiurnal regime, so the general tidal regime
in the study area can be classiﬁed as semidiurnal.
The spatial distribution of the M4 tide in the YE is presented in Figure 12, which is the ﬁrst-order harmonic
constituent of the M2 tide and also the most important overtide because of the M2 dominance. The nonlinear interactions controlled by the friction, continuity, and advection effects induce the energy transfer from
the astronomical tides to the shallow tides including overtides and compound tides, such as from M2 to M4
here. Among the above nonlinear mechanisms, the effect of friction generally plays the most important role
in the generation and development of M4 in particular, although the advection effect can also generate the
M4 tide in some special estuaries [Parker, 1991; Speer and Aubrey, 1985]. The M4 tide starts to manifest as
the tide waves enter the shallow coastal and estuarine zones and the proﬁles of the amplitude isolines
around the mouth are located in the vicinity of the shoal areas. There are two ascents and descents in the
evolution of the M4 amplitudes along the N-B. Due to the narrow width of the channel, the evolution along
the channel can be considered as a one-dimensional case in the longitudinal direction. In the ﬁrst stage, the
amplitude increases up from the mouth and decreases a little near the midpoint between STG and QLG.
Then the shallower and narrower geometry enhances the M4 tide until it arrives at its peak value of
about 0.30 m around QLG, and the energy of M4 begins to decay due to the frictional dampening after
the QLG section in the last reach of the N-B. The spatial variability of the M4 tide in the S-B is more complicated because of the complex environments including the bifurcations of channels, the dense shoals
and tidal ﬂats in the channel, and the DWP at the mouth (see Figure 1). The nonlinear effects are more
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Figure 11. The amplitude (top) and phase (bottom) of the K1 tide in the YE.

signiﬁcant around ZJZ, GQZ, NMG, and the heads of Chongming and Changxing-Hengsha Islands
where there are extensive tidal ﬂats resulted from sediment deposition. The distribution of the M4 tide
shows different laws in the evolution process along the upstream direction for the channels near
northern and southern banks of the S-B. In addition, the phase ﬁeld (see Figure 12) indicates that
the tidal ﬂats can delay the travel of the M4 tide and the tidal wave can even arrive at the XLJ section in a
single tidal cycle.
5.3. Tidal Distortion and Asymmetry in the YE
The tidal response of shallow estuarine systems is commonly characterized by the development of tidal distortion and asymmetry in the estuary, which is a result of the interactions of tidal harmonics. The M2 and M4
tides, as the most important astronomical and shallow-water constituents, respectively, possess a mathematical relationship which is always used as an indicator of the degree of tidal distortion. The M4 to M2 seasurface amplitude ratio, Ar , and the sea-surface phase of M4 relative to M2, Gr , deﬁned by Aubrey and Speer
[1985] are calculated in this study to investigate the characteristic of tidal asymmetry, the expressions of
which are as follows:
Ar 5aM4 =aM2

(10)

Gr 52gM2 2gM4

(11)

where aM4 and aM2 are the amplitudes of M4 and M2; gM4 and gM2 are the phases of M4 and M2; Ar > 0:01


indicates that the distortion of the tidal wave is signiﬁcant; Gr 2 00 ; 1800 indicates the location tends to


be ﬂood-dominant, while Gr 2 1800 ; 3600 indicates the location tends to be ebb-dominant.
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Figure 12. The amplitude (top) and phase (bottom) of the M4 tide in the YE.

The spatial distributions of these two indicators in the YE are shown in Figure 13. The M4/M2 amplitude ratio
is a direct measure of nonlinear tidal distortion and the distortion of the tides in the estuary region is signiﬁcant according to the criteria (Ar > 0:01), especially inside the mouth where the M4 to M2 sea-surface amplitude ratios are mostly greater than 0.15. The spatial distribution of the M4/M2 amplitude ratio highly
depends on the local geometry in the YE. The tides are highly distorted in the shallow regions around QLG
in the N-B, on the tidal ﬂats and shoals near the mouth and in the middle and upper reaches of the S-B. It
can be found that all these areas have the tidal characteristics of weaker M2 tide or stronger M4 tide or both
(see Figures 10 and 12), i.e., shallow-water frictional energy dissipation and nonlinear energy transfer from
M2 to M4 occur in these regions. Figure 13 also shows that the geometry of the N-B enhances the nonlinear
distortion of tides more sharply up the N-B from the mouth than the S-B. As shown in Figure 13 (bottom),
the sea-surface phases of M4 relative to M2 are obviously less than 1808, which indicates the YE tends to be
ﬂood-dominant. The ﬂood dominance refers to asymmetry in tidal water levels with ﬂood duration shorter
than ebb duration and ﬂood currents of higher velocity than ebb currents, such as the curves shown in
Figure 14.
To further investigate the temporal and spatial characteristics of tidal asymmetry, the ﬂood-ebb durationasymmetry parameter Rt for the rise and fall of water elevation is deﬁned in this study as:
Rt 5ðtrise 2tfall Þ=T0 5ðtrise 2tfall Þ=ðtrise 1tfall Þ

(12)

where trise and tfall are the durations of the rise and fall in terms of water level, as shown in Figure 14; T0 5
trise 1tfall is the tidal period (ﬂood-ebb circle duration), which is close to the period of the M2 tide (about
12 h and 25 min) here according to the characteristic of semidiurnal tides in the YE. The parameter Rt that
represents the degree of tidal asymmetry and distortion is deﬁned in the interval (21, 1). A value equal to
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Figure 13. The indicators Ar (top) and Gr (bottom) of tidal distortion and tidal dominance in the YE.

zero suggests a symmetric tide, with values greater than zero indicating ebb dominance and less than zero
indicating ﬂood dominance.
The temporal and spatial variations of the asymmetry parameter, Rt , along the three routes of Ch#1 in the
N-B and Ch#2 and Ch#3 in the S-B, are presented in Figures 15 and 16. The ﬁgures show that the variations
of the parameter also follow the same rule of the daily and monthly inequality with the tidal ﬂuctuation.

Figure 14. Sketch map of tidal asymmetry represented by water level and depth-averaged ﬂow velocity curves.
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Figure 15. Temporal and spatial variations of ﬂood-ebb duration-asymmetry parameter Rt along Ch#1 in the N-B.

The tide outside the estuary is relatively undistorted and symmetrical with Rt changing around zero in the
ﬁrst reach of about 40 km long for Ch#1, and about 20 km long for Ch#2 and Ch#3. As the tide goes up into
the estuary, it becomes highly distorted and asymmetric with the minimum Rt of about 20.5, i.e., the duration of the rise can be about 6 h less than that of the fall. The spring tides with higher tidal ranges are more
sensitive to the nonlinear effects which cause the tidal distortion than the moderate and neap tides, and
the tidal distortion and asymmetry gradually affect the entire tidal cycle including the spring, middle, and
neap tides as the nonlinear effects become stronger when tides move up the estuary. Though sometimes
the asymmetry parameter outside the estuary during the neap tide is a little bigger than zero, the parameter mostly varies in the range of 20.5 to 0, which also indicates the ﬂood dominance of the estuary. The
extensive tidal ﬂats outside the mouth may cause the ebb dominance in the starting reach of the three
routes [Fortunato et al., 1999; Speer and Aubrey, 1985]. In comparison with the results of the above indicator
Gr , there is some difference in estimating the characteristics of tidal distortion and asymmetry, which is
mainly resulted from the different analysis methods and the errors. The parameter Gr is obtained in an average case for a period of time based on the results of tidal analysis, while Rt is calculated for each tidal cycle.
The curves of water level and ﬂow velocity in a tidal cycle for the semidiurnal tide are just determined by
only 12 data points, which may introduce some errors in the validation of simulated water level and ﬂow
velocity. Besides, some errors may be always introduced inevitably in the data processing. However, the
characteristics of tidal distortion and asymmetry represented by the above two indicators can be considered noncontradictory in general.
5.4. Tidal Dampening Along Channels
The tidal dampening dominantly induced by the friction effect occurs with the characteristic of a
decreased tidal range (H, as marked in Figure 14) as the tides propagate along the channels. In this study,
the temporal and spatial variations of tidal ranges along the three routes (Ch#1, Ch#2, and Ch#3, shown in
Figure 7) and the dampening process of six selected tidal waves with different levels of initial energy (the
10th, 20th, 30th, 40th, 50th, and 60th wave of about 69 tidal waves in total) are investigated, as shown in Figures 17–19 (top and middle), respectively. Considering the simulated water levels at all grid points are
exported every 1 h, the high tide and the succeeding low tide at a point are approximately obtained by the
parabola ﬁtting of the three highest and lowest water levels in the tidal cycle, and the tidal range which is the
vertical difference between the high tide and the following low tide is further calculated for all cycles in the
simulation duration. The gaps in Figures 17–19 (top) are due to the existence of some missing or unresolved
values after the processing of model results, especially during the neap tide. To explain the mechanisms in the
processes, the spatial distributions of geographic factors, including cross-section mean depth, local depth, and
sectional area under the mean water level, are further considered for these three routes, given in Figures 17–
19 (bottom).
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Figure 16. Temporal and spatial variations of ﬂood-ebb duration-asymmetry parameter Rt along Ch#2 (top) and Ch#3 (bottom), respectively, in the S-B.

The overall trend is manifested as a decrease in the evolution of tidal ranges along the three routes, and
there are four descents and three ascents in the dampening process, which are marked by red lines and
blue arrows, respectively, in the scatter plots (Figures 17–19, middle). The attenuation and enhancement of
the tides in convergent estuaries depend on the relative intensity of dissipation versus local inertia in the
momentum equation and the role of channel convergence in the mass balance, i.e., they are dynamically
dominated by friction and kinematically controlled by convergence when river current is small in estuarine
areas [Friedrichs and Aubrey, 1994; Lanzoni and Seminara, 1998]. Herein the local depth and sectional area
along channels that can reﬂect the intensity of the friction effect and channel convergence to some extent
are listed to explain the evolution of the tides into the estuary, especially the ampliﬁcation of tidal ranges in
some reaches. Though the variation processes are similar for the three routes, the decay rates and the
scopes of the fall and rise are different. The decreased rates of the four descents and the increased rates of
the three ascents are both enhanced upstream along Ch#1, which can be represented approximately by
the slope of the ﬁt lines. The ﬁt lines for the decreasing and increasing trends of tidal ranges along Ch#2 are
almost parallel, and those along Ch#3 are presented as the same phenomenon except the last descent. The
ﬁrst descents of the tidal ranges along Ch#1 and Ch#2 both occur outside the mouth of the N-B and N-C,
while the decay process along Ch#3 can be up to the GQZ Station inside the mouth which is approximately
80 km away from the coastal zones. Tidal ranges along the ﬁrst reach of Ch#1 decrease more slowly than
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Figure 17. Temporal and spatial variations of tidal range (top), the dampening process of six selected tidal waves (middle), and the spatial
distribution of cross-section mean depth, local depth, and sectional area under the mean water level (bottom) along Ch#1 in the N-B.

those along Ch#2 and Ch#3 with magnitudes of about 0.004, 0.023, and 0.025 m/km, respectively. Besides,
both the reduction and ampliﬁcation rates of tidal ranges become smaller when the tides changes from the
spring tide to the neap tide during the full tidal cycle. The growth of the tides in local short reaches is
mainly due to the stronger effect of convergence than the frictional damping there. Figure 17 (bottom)
shows that the cross sections along Ch#1 converge exponentially, which mainly causes three ampliﬁcations
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Figure 18. Temporal and spatial variations of tidal range (top), the dampening process of six selected tidal waves (middle), and the spatial
distribution of cross-section mean depth, local depth, and sectional area under the mean water level (bottom) along Ch#2 in the S-B.

of tidal ranges in the N-B. Similarly, the ﬁrst and last enhancements of tides along Ch#2 and the second and
last ones along Ch#3 occur when sectional areas decrease in the local short reaches, as marked by blue
downward arrows in Figures 18 and 19 (bottom). But for the second ampliﬁcation along Ch#2 and the ﬁrst
one along Ch#3, the sharp decreases of the local depths in the middle part of the S-B where the shoals exist

LU ET AL.

TIDAL WAVES IN YANGTZE ESTUARY

6465

Journal of Geophysical Research: Oceans

10.1002/2014JC010414

Figure 19. Temporal and spatial variations of tidal range (top), the dampening process of six selected tidal waves (middle), and the spatial
distribution of cross-section mean depth, local depth, and sectional area under the mean water level (bottom) along Ch#3 in the S-B.

may be more important than the variation of the entire sections, due to the wider channel and complex
bathymetry in the lateral direction. The overall dampening process indicates that the estuary can be classiﬁed as a strongly dissipative estuary with a strong nonlinear phenomenon according to the deﬁnition given
by Lanzoni and Seminara [1998].
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Figure 20. Temporal and spatial variations of phase differences between peak water level and current velocity along Ch#1 in the N-B.

5.5. The Propagation of Tidal Waves in the YE
The convergent channels or estuary can produce two types of tidal wave systems in relatively extreme conditions, a standard progressive tidal wave system with the synchronous phase of the horizontal and vertical
tide and a mimic standing wave system with a phase lead close to 908. The tidal waves in real estuaries are
almost between these two states with a phase difference of 08–908 [Hunt, 1964; Jay, 1991]. The phase difference between the tidal velocities and tidal surface elevations can be calculated by:
Dh5ð360Dth Þ=T0

(13)

where Dth is the time difference between the peak tidal velocities and the peak tidal surface elevations; T0
is the same variable as that in equation (12).
The temporal and spatial variation of the phase difference along the three routes (Ch#1, Ch#2, and Ch#3) in
the estuary is shown in Figures 20 and 21. The characteristic of the standing wave is presented near the
bend approximately 115 km away from the origin as the tidal wave enters the N-B during the neap tide and
the phase difference inside the estuary exceeds that outside the estuary, which mainly depends on the friction and the convergence of the channel according to Hunt and Jay’s analytical research for convergent
channels [Hunt, 1964; Jay, 1991] besides the reﬂection effect at the bend. The two systems of the progressive tidal wave and standing tidal wave are both produced in the S-B and the variations along Ch#2 and
Ch#3 are also different just like the above characteristics of tides are. The former system appears around
the GQW Station at the mouth of the N-C for Ch#2, and near the SDK Station for Ch#3. The latter system
occurs outside the mouth and near the XJZ Station for Ch#2, and near the CXZ and XLJ Stations for Ch#3. In
addition, the standing waves in the S-B are mainly produced during the neap tide. The tidal amplitude is
not negligible compared to the depth when the tidal wave propagates into the estuary, which will further
affect the propagation velocity of tidal waves and the tidal distortion. The crest with the smaller total depth
at neap tides travels slower than that at spring tides and the degree of tidal distortion is also weaker during
the neap tide. Consequently, the phase difference between the tidal velocities and tidal surface elevations
at neap tides is closer to 908than that at spring tides, which indicates the characteristics of the standing
waves become more obvious during the neap tide.

6. Discussion
Due to the more complicated geomorphology of the S-B with bifurcations, broader width, and spatial rapidly changing bathymetry, it may be unreasonable enough just to consider the S-B as an entire channel, and
the propagation process of tides should be analyzed in detail for different routes or channels. This is a different suggestion from the notion that the branched estuary system functions as a whole [Zhang et al., 2012],
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Figure 21. Temporal and spatial variations of phase differences between peak water level and current velocity along Ch#2 (top) and Ch#3
(bottom), respectively, in the S-B.

though their solution can describe the tidal propagation to some extent. Based on the previous chapter of
results, three key aspects are presented to further discuss the specialness of the tidal propagation in the YE,
especially in the S-B.
6.1. Differences in Tidal Distortion Along Ch#2 and Ch#3 in the S-B
As shown in Figures 9, 13, and 16, tides become distorted more quickly along Ch#3 than along Ch#2 until
the SDK section inside the estuary, which indicates the ﬂood duration along Ch#3 is shorter than along
Ch#2 and the water level variation along Ch#3 during high tide is sharper than along Ch#2. The M4 to M2
amplitude ratio and the ﬂood-ebb duration-asymmetry parameter which represent the degree of tidal distortion show a different variation process especially in the two channels separated by Changxing Island.
According to the variation curves in Figure 9, the M4–M2 amplitude ratio along Ch#3 keeps about 0.04 larger
than along Ch#2 in the reach of 30–80 km. This difference is mainly due to the sharper increase of the
amplitude ratio along Ch#3 than along Ch#2 in the reach of 20–30 km where there is an extensive mouth
bar of the Jiuduansha Shoal. Though both the amplitude ratios along Ch#3 and Ch#2 vary slowly in the
reach of 30–80 km due to the small changes of the topography in this reach along the routes, the generated difference in the reach of 20–30 km will continue inﬂuencing the tidal propagation inside the estuary.
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Figure 22. Comparison between the variations of tidal ranges of six selected tidal waves (top) and the local geographic factors under the
mean water level (bottom) along Ch#2 and Ch#3 in the S-B (the Ch#2 and Ch#3 cases are marked by red-color scatters and black-color
scatters, respectively).

The extensive sand bars including the Jiuduansha Shoal cause the shallower topography in the mouth area
of the S-C than the N-C, which is the main reason for the signiﬁcant differences in tidal distortion along
Ch#2 and Ch#3 in the S-B. So it can be concluded that the bifurcation creates two different channels
through which tides propagate into the estuary, and the different pathways and topography can further
cause the differences in tidal distortion along different channels.
6.2. Different Variations of Tidal Ranges Along Ch#2 and Ch#3 in the S-B
The variations of tidal ranges and the local geographic factors along Ch#2 and Ch#3 presented in Figure 22
are compared to study the possible spatial differences of the tidal dampening process in the S-B. Based on
the characteristic of tidal dampening along Ch#2, the scatters are divided into four parts to analyze the differences and the mechanisms of the corresponding variation process. Over the reach of 0–60 km, the initial
tidal range of Ch#3 is about 0.25 m larger than that of Ch#2 and the dampening rates along these two
reaches are almost the same. Due to the convergence around the GQW Station at the mouth, tides along
Ch#2 are enhanced there and tidal ranges become bigger than those along Ch#3. After the GQZ Section,
the shallow ﬂats around the head of the Changxing Island enhance the tides over them with a larger magnitude than those of the tides along Ch#2. Then the tides along Ch#2 propagate on the shallow ﬂats near the
northern bank while the tides along Ch#3 propagate into a main deep channel, and the former has a
slightly larger magnitude of tidal ranges than the latter over the reach of about 95–120 km (see the detailed
view in Figure 22, top).
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Two possible reasons for the spatial difference of tidal ranges in the middle reach of the S-B are the complicated topography and the effect of the Coriolis force. It is found that the local depths along Ch#2 are
smaller obviously than those along Ch#3 while the sectional areas and mean depths have nearly the same
values in this reach (see Figure 22, bottom), which can be responsible for the difference between tidal
ranges near the two banks. Besides, the difference between tidal ranges at the same section is larger during
the neap tide, which indicates the smaller tidal range is more sensitive to the local depth. In the middle
reach of the S-B, the largest width of the channel is about 15 km around the WSZ Section and the impact of
the Coriolis force on the difference between the tidal ranges near the northern and southern banks can be
approximately calculated according to (see the Appendix A for the detail of the formula),
DH5H0 ½expð0:5fc b=cÞ2expð20:5fc b=cÞ

(14)

where DH is the difference between the tidal ranges near the two banks of the channel induced by the
Coriolis force; H0 is the wave height (here it is tidal range for the tidal wave) at the midpoint of the section; fc 52xr sinu is the Coriolis coefﬁcient (xr is the angular speed of the Earth’s
pﬃﬃﬃﬃﬃﬃ rotation, u is the latitude of the channel); b is the channel width; and c is the wave celerity (c  gh, h is the water depth).
This calculated difference has a magnitude of about 0.01 m in the middle of the S-B with the tentative
values of H0 54 m, c510 ms21 , b515 km, and u531:58 , which is still negligible relative to the local tidal
range.
So it can be concluded that the different development of tidal ranges along Ch#2 and Ch#3 outside the
mouth, at the mouth and in the middle of the S-B is mainly caused by the different open boundary condition, convergence of coastlines, and local topography, respectively.
6.3. Different Types of Tidal Waves Along Ch#2 and Ch#3 in the S-B
The phase difference of the horizontal and vertical tides varies between 08 and 908, with the characteristics of the progressive tidal wave and the mimic standing wave in the estuary. The types of tidal waves
along Ch#2 and Ch#3 in the S-B are different, with the standing waves outside the mouth and near the
XJZ Station for Ch#2, and near the CXZ and XLJ Stations for Ch#3. Since the water level variation is similar in the main bifurcation of the S-B, the imparity of the phase difference between the horizontal and
vertical tides along these two channels as shown in Figure 21 implies the phase difference in alongchannel ﬂow velocity variation between Ch#2 and Ch#3, which is dominantly caused by the different
length and depth of alternative pathways from the sea [Buschman et al., 2013]. The pathways of Ch#2
and Ch#3 are marked in Figure 7 and the variation of mean depth, local depth, and sectional area along
these two pathways are shown in Figure 22. It is found that the pathways from the sea into the estuary
are different with Ch#2 goes through the N-C and Ch#3 goes through S-C, and the properties including
mean depth, local depth, and sectional area along Ch#2 and Ch#3 cannot be identical at the same distance. So the different types of tidal waves along Ch#2 and Ch#3 exist in the S-B. In a word, the phase
difference in along-channel ﬂow velocity is mainly responsible for the different types of tide waves in
the S-B, especially in the main branch of the S-B.

7. Conclusions
In this study, a 2-D numerical model based on Delft3D has been set up to reproduce the tidal hydrodynamics in the YE during the dry season. Both the power spectrum and tidal harmonic analysis methods are utilized to gain an insight into the redistribution of tidal energy and the nonlinear evolution of tidal
oscillations as tides propagate from coastal zones into the estuary. The detailed evolution processes of tidal
constituents, tidal distortion, tidal dampening, and tidal propagation in the estuary are further analyzed and
discussed.
By comparing the spectra at six selected stations, it is found that the farther inside the estuary, the richer
spectra of tidal curves, and the energy transfer from the lower frequency part (astronomical constituents)
generates and the higher frequency part (31 cpd, shallow-water constituents) develops due to the nonlinear physical mechanisms as tides move upstream. The variation proﬁles of tidal constituents along three
routes (Ch#1, Ch#2, and Ch#3) from offshore give a clear view on the evolution process of M2, K1, and M4.
The difference of tidal constituents between Ch#2 and Ch#3 proves the different characteristics of tides
near the two banks in the middle of the S-B.
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The ﬁeld of tidal constituents in the YE can reﬂect the response of the estuary to the incident tidal waves more
directly. The decay of the M2 tide in the N-B shows a three-step feature and the estuary can be approximately
considered as a ‘‘critical convergence’’ situation with the balance between the topographic funneling effect and
the frictional dampening. The general tidal regime in the YE is semidiurnal with the form number varying
between 0.15 and 0.25. The M4 tide plays an important role in the estuary with a peak amplitude of about
0.3 m, which can go upstream from the coastal zone until the XLJ Section during a tidal cycle.
The two indicators of tidal distortion and asymmetry, the M4 to M2 sea-surface amplitude ratio and the seasurface phase of M4 relative to that of M2, are obtained in the whole estuary area. The tidal distortion is signiﬁcant with the amplitude ratio of more than 0.01, especially around QLG in the N-B, on the tidal ﬂats and
shoals near the mouth, and in the middle and upper reaches of the S-B where there are stronger M4 tides
or weaker M2 tides or both. The YE tends to be a ﬂood-dominant estuary with the phase difference less
than 1808. The ﬂood-ebb duration-asymmetry parameters for all simulated tidal cycles are further investigated along the three routes and the most values of less than zero also indicate that the tides are ﬂooddominant in the YE. A maximum parameter of about 20.5 shows that the ﬂood duration can even be 6 h
shorter than the ebb duration.
The tidal dampening in the estuary is investigated by the temporal and spatial distribution of tidal ranges
and the detail evolution process of six selected tidal waves along the three routes. The four longer descents
and three shorter ascents exist in the dampening process, which is mainly the result of the competition
between frictional dissipation and sectional convergence. The dampening and ampliﬁcation rates of tidal
waves increase up the Ch#1 and nearly remain invariable for Ch#2 and Ch#3, except for the last descent.
The tidal damping is controlled by combined effects of the open boundary condition, channel convergence,
local depth, and frictional dissipation in the estuary. The different evolution processes of tidal ranges along
Ch#2 and Ch#3 in the S-B are mainly resulted from the different open boundary condition outside the
mouth, the different convergence of coastlines at the mouth, and the different local topography in the middle reach, respectively. Though the convergent width and shallow depth may enhance the tides to some
extent, the overall decay trend indicates the estuary is a strongly dissipative estuary with strong nonlinear
effects. The tidal waves in the estuary have both characteristics of the progressive tidal wave and the mimic
standing wave with the phase difference between the tidal velocities and tidal surface elevations of 08–908.
The standing waves occur near the bend in the N-B during the neap tide where the extremely shallow
depth and the upstream channel bend increase the phase difference between the tidal velocities and tidal
surface elevations. In the S-B, the standing waves occur outside the mouth and near the XJZ Station for
Ch#2, and near the CXZ and XLJ Stations for Ch#3. These differences in types of tide waves in the S-B are
mainly due to the phase differences in along-channel ﬂow velocity along different pathways.
The differences in tidal distortion, tidal ranges, and tidal waves along Ch#2 and along Ch#3 all suggest that
it is more reasonable to study the S-B along different channels rather than a whole channel. These above
characteristics of tidal oscillations in the estuary show the special hydrodynamic and morphology responses
of the YE with three-order bifurcations and four outlets to the tides from outer oceans.

Appendix A: Derivation of the Formula for DH in Section 6.2
In this appendix, we will give the detail derivation process of the formula which can be used to calculate
the difference of tidal ranges induced by Coriolis force on both sides of a channel. The long progressive
wave travelling in a rotating, inﬁnite, plane, and straight channel, which is known as the Kelvin wave, can
be expressed by [Pugh, 1987]
gðx; y; tÞ50:5H0 expð2fc y=cÞcosðkx2rtÞ

(A1)

uðx; y; tÞ50:5H0 ðc=hÞexpð2fc y=cÞcosðkx2rtÞ

(A2)

where g is the water level in the channel; u is the x-axis ﬂow velocity along the channel; y is the coordinate
along the cross section (the origin is located at the midpoint of the section); H0 is the wave height at y 5 0;
fc 52xr sinu is the Coriolis coefﬁcient (xr is the angular speed of the Earth’s rotation, u is the latitude of the
channel); c is the wave celerity; and k; r are the wave number and angular frequency of the long wave,
respectively.
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Therefore, the impact of the Coriolis force on the difference between the tidal ranges near both banks of a
channel can be approximately estimated according to,
HðyÞ5H0 expð2fc y=cÞ

(A3)

DH5Hnor 2Hsou

(A4)

DH5H0 ½expð0:5fc b=cÞ2expð20:5fc b=cÞ

(A5)

where H is the wave height (it is tidal range for the tidal wave); DH is the difference between the tidal
ranges near the two banks of the channel induced by the Coriolis force; Hnor , Hsou are, respectively, the tidal
ranges near the northern bank (y520:5b) and the southern bank (y50:5b), and b is the channel width.
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